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Abstrat
The distribution funtions of the odon usage probabilities, omputed over all the available
GenBank data, for 40 eukaryoti biologial speies and 5 hloroplasts, do not follow a Zipf law,
but are best tted by the sum of a onstant, an exponential and a linear funtion in the rank of
usage. For mitohondriae the analysis is not onlusive. A quantum-mehanis-inspired model
is proposed to desribe the observed behaviour. These funtions are haraterized by parameters
that strongly depend on the total GC ontent of the oding regions of biologial speies. It is
predited that the odon usage is the same in all exoni genes with the same GC ontent. The
Shannon entropy for odons, also strongly depending on the exoni GC ontent, is omputed.
PACS number: 87.10.+e, 02.10.-v
E-mail: frappatlapp.in2p3.fr, minihinina.infn.it, siarrinona.infn.it
sorbalapp.in2p3.fr, sorbaern.h (on leave of absene from LAPTH)
1 Introdution
In the reent past, some interest has been shown in applying methods of statistial linguistis and
information theory for the analysis of DNA sequenes, in partiular in investigating whether the
frequeny distribution of nuleotides or sequenes of nuleotides follows Zipf's law [1℄, and using the
Shannon entropy to identify the redundany or the bias of a nuleotides sequene. Let us reall that,
at the end of the forties, Zipf remarked that, in natural languages and in many other domains, the
distribution funtion follows an inverse power law, whih an be desribed, denoting by rank n = 1
the most used word, by n = 2 the next one and so on, and with a > 0, by
fn =
f1
na
. (1)
In 1992, it was shown [2℄ that the distribution of the nuleotides in DNA follows a Zipf law of the
type given by eq. (1). However, the opinions on this statement are divided, see [3℄. Soon after
[4, 5℄, it was shown that nonoding sequenes of DNA are more similar to natural languages than
the oding ones, and the Shannon entropy has been used to quantify the redundany of word. This
work also raised a debate in the literature [6℄. Also, Zipf's law seems well adapted to represent the
abundane of expressed genes, with an exponent a ≈ 1, as an be seen in the reent work of ref. [7℄.
The origin of Zipf's law is thought to arise from stohasti proesses [8℄, espeially when they an be
modelled as random walks in log sale [9℄; for further analysis, see [10℄. However, an analysis of the
rank distribution for odons, performed in many genes for several biologial speies, led the authors
of [12℄ to t experimental data with an exponential funtion. In partiular, by onsidering separately
dierent oding DNA sequenes, they studied the relation between the parameter in the exponential,
the frequeny of the rank one and the length of the sequene for dierent genes. From this very short
overview, it follows that the determination of the kind of law the odon rank distribution follows is
extremely interesting, in investigations of the nature of the evolutionary proess, whih has ated
upon the odon distribution, i.e. the eventual presene of a bias.
In the last few years, the number of available data for oding sequenes has onsiderably inreased,
but apparently no analysis using the whole set of data has been performed. The aim of this paper is
to perform suh a study. As the result of our investigation, we will point out that the rank of odon
usage probabilities follows a universal law, the frequeny funtion of the rank-n odon showing up as
a sum of an exponential part and a linear part. A quantum-mehanis-inspired model is proposed,
whih provides for the form of the observed law and gives the orret sign in the dierent terms.
Suh a universal behaviour suggests the presene of general biases, one of whih is identied with the
total exoni GC ontent. Indeed, the values of the parameters appearing in the tting expression are
plotted versus the total perentage of exoni GC ontent of the biologial speies and are reasonably
well tted by a parabola. Finally, from the obtained expression, we derive the theoretial predition
that the usage probability for rank-ordered odons is the same in any geni region having the same
exoni GC ontent for any biologial speies.
We ompute the Shannon entropy [13℄ for amino-aids and nd that its behaviour in funtion of
the exoni GC ontent is also a parabola, whose apex is around the value 0.50 of the GC ontent.
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2 Codon usage probabilities distribution
Let us dene the usage probability for the odon XZN (X,Z,N ∈ {A,C,G, U}) as
P (XZN) = lim
ntot→∞
nXZN
Ntot
, (2)
where nXZN is the number of times the odon XZN has been used in the analysed biosynthesis
proess for a given biologial speies and Ntot is the total number of odons used in all onsidered
proesses. It follows that our analysis and preditions hold for biologial speies with suiently
large statistis of odons. For eah biologial speies, odons are ordered following the dereasing
order of the values of their usage probabilities, i.e. odon number 1 orresponds to the highest value,
odon number 2 is the next highest, and so on. We denote by f(n) the probability P (XZN) of
nding XZN is in the n-th position. Of ourse the same odon oupies in general two dierent
positions in the rank distribution funtion for two dierent speies. We plot f(n) versus the rank
and we determine that the best t to the data an be reahed by the sum of an exponential funtion,
a linear funtion in the rank and a onstant, i.e.
f(n) = α e−ηn − β n + γ , (3)
where 0.0187 ≤ α ≤ 0.0570, 0.050 ≤ η ≤ 0.136, 0.82 10−4 ≤ β ≤ 3.63 10−4, γ = 0, 016 are onstant
depending on the biologial speies. These four onstants have to satisfy the normalization ondition
∑
n
f(n) = 1 . (4)
In table 1 we list the 40 biologial speies (6 vertebrates, 4 plants, 3 invertebrates, 2 fungi and 25
bateriae)  with a number of odons ranging between 800 000 and 20 000 000 in dereasing order (data
from GenBank release 129.0 [17℄), whose odon usage has been tted, speifying for eah biologial
speies the value of the parameters, omputed by a best-t proedure and the orresponding χ2.
Here and in the following, the χ2 oeient is dened by
χ2 =
∑
i
(yi − y(xi))
2
y(xi)
, (5)
where xi are the experimental absissae, yi the experimental values and y(xi) the tted ones. In
some ases, y(xi) takes vanishing or negative values for a few points, hene the χ
2
is not reported.
In gs. 14, we report the plot of f(n) as a funtion of n for a few biologial speies (Homo sapiens,
Drosophila melanogaster, Arabidopsis thaliana, and Esherihia oli). The plot has been ut to
n = 61 to take into aount the fat that in standard ode there are three Stop odons (to end
the biosynthesis proess), whose funtion is very peuliar. For the same reason, the χ2 has been
omputed by taking into aount the 61 oding odons only. In table 6, we report the type of
the twenty-rst most used odons of the observed rank distribution f(n). A similar study, for a
sample of twenty vertebrates with a odon statistis larger than 100 000, reveals that, for almost all
biologial speies, the four most used odons are GAG, CUG, AAG and CAG. All these odons
have a G nuleotide in third position and three of them enode doublets. An analysis performed on
the hloroplast odon usage for a sample of ve plants gives the same result for the rank distribution
f(n), see table 2 and g. 5 (Chloroplast Arabidopsis thaliana). We also report, in table 3, the values
of the parameters and the χ2 for a sample of nine mitohondriae with a odon statistis larger than
2
15 000. The ts for Homo sapiens and Arabidopsis thaliana are presented in gs. 6 and 7. We point
out, however, that for mitohondriae the odon usage frequenies distribution for several speies (e.g.
Arabidopsis thaliana or Drosophila melanogaster) is ill tted by eq. (3). It may be an indiation
that mitohondriae do not follow the universal law (3). Note that the mitohondrial odes have a
few dierenes with the eukaryoti ode and vary slightly between speies, see e.g. [11℄. In these
ases, the χ2 has been omputed over the orresponding oding odons. The value of the onstant
γ is approximately equal to 1/61 = 0.0164 or to 1/64 = 0.0156, i.e. the value of the odon usage
probability in the ase of uniform and not biased odon distribution. Therefore the other two terms
in eq. (3) an be viewed as the eet of the bias mehanism. The appearane of the linear term is
more intriguing. Let us remark that in [12℄, where an exponential funtion is used to t the rank
of usage in genes (not the rank of usage probability), the linear term has not been observed, as its
ontribution beomes notieable for approximately n ≥ 20. Owing to the analysis of genes (with at
most a few hundred odons), the ts in that paper end before this value of the rank. It is believed
that the main auses of odon usage bias are the translational eieny, the seletion pressure and
the spontaneous mutations. From the smallness of parameter β in (3), it is tempting to identify
the latter as the onsequene of mutation eet and the rst term in (3) as the eet of seletion
pressure, i.e. the interation with the environment.
Let us try to build up a simple model to explain the universal struture of eq. (3). In a physial
quantum system, with disrete energy levels, the oupation number of the i-th energeti level is
proportional to exp(−Ei/kT ), where Ei is the energy of the level, T is identied with the temperature
and k is the Boltzmann onstant. Inspired by this analogy, let us assume that the rank of the
probability distribution is a funtion of some kind of energy. In this ase the odon usage probability
is, for any odon, equal to f(n) = exp(−aEn), where a is a positive onstant. We assume that the
system satises periodi onditions in the y and z diretions, with a very small spaing in the z
diretion, so that the exited modes along this diretion an be negleted, and that the interation
with the environment an be modelled as the swithing on of a onstant uniform magneti eld in
the diretion of the z axis. As a onsequene, the Landau levels appear, the energeti levels now
being in natural units
En − E0 = ω(n+ 1/2) , (6)
where ω is the so-alled ylotron frequeny. The wave funtion is
ψ(x, y, z) = Φn(x− lx0) e
ikyy eikzz , (7)
where
ky =
2pil
Ly
, kz =
2pi
Lz
, l ∈ Z, l 6= 0 , (8)
and Φn(x− lx0) is the wave funtion of the n-th energy level of a one-dimensional harmoni osillator
shifted by lx0 (x0 = 2pi/qBLy). There is a degeneray due to the arbitrariness of ky. A quantun
harged physial system in an exited state spontaneously falls down to a lower state, the equilibrium
onguration being the system in the fundamental state. In the ase of odons, the equilibrium
ondition is the onguration where they oupy dierent energy levels, the situation being the
analogue of a quantum system in the presene of an external pumping-bak soure. In order to
model this situation in a simple way, we assume that the equilibrium probability distribution is a
funtion f(n)− f(n)B=0 = F (En, γn), where γn is the spontaneous emission oeient of the n-th
3
level, whih is taken to be very small beause of the assumed equilibrium ondition. We an make a
rst-order development in γn:
f(n)− f(n)B=0 = F (En, γn = 0) +
dF
dγn
, (9)
where dF/dγn is negative, the oupation probability dereasing with the inreasing emission. We
ompute γn in the standard dipole approximation [14℄ between the n-th and the k-th levels (k < n).
In the ase of our model, we get
γn ∝ n δk,n−1 . (10)
So, replaing F (En, γn = 0) by the MaxwellBoltzmann expression, we obtain eq. (3). The values of
the parameters depend on the biologial speies, as the seletion pressure (in the model, the value of
the harge and of the magneti eld) is dierent for dierent biologial speies. Even if our simple
model is able to explain the universal behaviour and the right sign of the linear term, one should
rather onsider it as a toy model. However, the fat that one an build a simple mathematial
senario, able to reprodue the observed distribution, provides us with an indiation of the existene
of some strong physio-hemial onstraints that add to the random eets.
Sine it is well known that the GC ontent plays a strong role in the evolutionary proess, we
expet the parameters to depend on the total GC ontent of the genes region (here the total exoni
GC ontent), whih is indeed orrelated with the evolution of the system (see [15℄ and referenes
therein). We have investigated this dependene and report, in table 4, the ts of α and β to the total
exoni GC ontent YGC of the biologial speies. One nds that the values of α and β are well tted
by polynomial funtions (with 0 ≤ YGC ≤ 100 in perentage):
α = 0.21145− 0.00776 YGC + 7.92 10
−5 Y 2GC , χ
2 = 0.0262 , (11)
102 β = 0.10096− 0.00345 YGC + 3.50 10
−5 Y 2GC , χ
2 = 0.0170 . (12)
The two parameters α and β appear to be orrelated. Indeed the plot representing β as a funtion
of α is satisfatorily tted by a regression line (see g. 4):
102 β = 0.00851 + 0.375α , χ2 = 0.0218 . (13)
The value of the η parameter is largely unorrelated with the total exoni GC ontent. Let us reall
that, however, η is a funtion of α and β due to the normalization ondition of eq. (4). Indeed we
have (assuming e−65η ≈ 0) 1
1 =
α e−η
1− e−η
+ 2080β + 64γ . (14)
Using the ts for α and β, we an write the probability distribution funtion for any biologial
speies, whose total GC ontent in per ent in the exoni regions is YGC , as
f(n) = (α0 + α1YGC + α2Y
2
GC)e
−ηn − n(β0 + β1YGC + β2Y
2
GC) + γ , (15)
where η is obtained by solving eq. (14). Of ourse we are not able to predit whih odon oupies the
n-th rank. Finally, let us remark that the total exoni GC ontent YGC has to satisfy the onsisteny
ondition
YGC =
1
3
∑
i∈I
dif(i) , (16)
where the sum is over the set I of integers to whih the 56 odons ontaining G and/or C nuleotides
belong and di is the multipliity of these nuleotides inside the i-th odon.
1
Note that the result is almost unhanged if the data are normalized on the 61 oding odons.
4
3 Amino-aids rank distribution
It is natural to wonder if some kind of universality is also present in the rank distribution of amino-
aids. From the available data for odon usage, we an immediately ompute (using the eukaryoti
ode) the frequeny of appearane of any amino-aid F (n) (1 ≤ n ≤ 20) in the whole set of oding
sequenes. The alulated values as a funtion of the rank are satisfatorily tted by a straight line,
F (n) = F0 − Bn . (17)
The parameters F0, B and the orresponding χ
2
for the ts are reported in table 7. A better t an
be obtained in general by using a third-degree polynomial; however, the range of the four parameters
for this t is larger than the range of the 2-parameter t. For a few biologial speies, we give below
the parameters for the two ts, see also the gures of table 9. The plots of the linear ts for few
biologial speies are given in table 8. Note that the 21st point is just the ontribution of the Stop
odons, whih of ourse has not been taken into aount for the ts. One an remark that the most
frequent amino-aid is always above the line. This an be easily understood in the light of eq. (3).
Indeed, the most frequent amino-aids get, in general, a ontribution of the exponential term of (3)
with a low value of n.
Speies linear/ubi ts χ2
Homo sapiens lin. f = 0.087− 0.0036n 0.0072
ub. f = 0.099− 0.0088n+ 57 10−5n2 − 1.7 10−5n3 0.0055
Arabidopsis thaliana lin. f = 0.088− 0.0036n 0.0068
ub. f = 0.099− 0.0090n+ 62 10−5n2 − 1.95 10−5n3 0.0049
Drosophila melanogaster lin. f = 0.087− 0.0036n 0.0125
ub. f = 0.097− 0.0096n+ 76 10−5n2 − 2.5 10−5n3 0.0042
Esherihia oli lin. f = 0.090− 0.0039n 0.0115
ub. f = 0.112− 0.0136n+ 105 10−5n2 − 3.1 10−5n3 0.0067
Of ourse, the frequeny of an amino-aid is given by the sum of the frequenies of its enoding
odons given by (3). If the ranks of the enoding odons were ompletely random, we do not expet
that their sum should take equally spaed values, as is the ase in a regression line. Therefore, we
an infer, for the biologial speies whose amino-aids frequeny is very well tted by a line, the
existene of some funtional onstraints on the odon usage.
We report in table 10 the distribution of the amino-aids for the dierent biologial speies.
However, the behaviour predited by eq. (3) ts the experimental data very well, while the shape
of the distribution of amino-aids seems more sensible to the biologial speies. In fat, one an
remark on many plots of the amino-aid distributions (see e.g. table 8), the existene of one or two
plateaux, for whih we do not have any explanation yet.
4 Consequenes of probability distribution
We now derive a few onsequenes of eq. (3). In the following, we denote by y the loal exoni GC
ontent (i.e. for oding sequenes of genes) for a given biologial speies. Let us assume that the
exoni GC ontent of a biologial speies is essentially omprised in the interval y1 − y0 = ∆ (e.g.
5
for Homo sapiens y0 = 35% and y1 = 70%). We an write
f(n) =
1
∆
∫ y1
y0
f(y, n)dy . (18)
Sine the l.h.s. of the above equation has the form given by eq. (3) for any n and for any biologial
speies, if we do not want to invoke some ne tuning in the integrand funtion f(y, n), we have to
assume that
f(y, n) = a(y)e−ηn − b(y)n+ γ (19)
with the ondition
α =
1
∆
∫ y1
y0
a(y)dy , β =
1
∆
∫ y1
y0
b(y)dy . (20)
As a onsequene, we predit that the odon usage probability is the same for any odon in any exoni
geni region with the same GC ontent. The form of the a(y) and b(y) funtions is yet undetermined.
For Homo sapiens, we remark that the total exoni GC ontent YGC is, in a very good approximation,
equal to the mean value of the interval [y0, y1]. Therefore, inserting (18) and (19) into (16), we derive
that the funtions a(y) and b(y) have to be linear funtions of y. This theoretial derivation is
in aordane with the onlusions of Zeeberg [16℄ obtained by an analysis for 7357 genes. On a
quantitative level, using the numerial linear ts of Zeeberg, we nd a very good agreement with our
alulations. Note that this result is not in ontradition with eq. (15), sine the previous analysis
is valid for the xed value of the exoni GC ontent for Homo sapiens. For bateriae, the range of
variation ∆ of the loal exoni GC ontent is very small. Therefore we expet the funtions a(y)
and b(y) to have the same shape as the funtions α and β given in eqs. (11) and (12). Hene the
funtions α and β depend on the biologial speies.
We ompute the Shannon entropy, given by
S = −
∑
n
f(n) log2 f(n) (21)
for the odons of a biologial speies and plot it versus the total exoni GC ontent; see gure in
table 4. The Shannon entropy is rather well tted by a parabola:
S = 2.2186 + 0.144 YGC − 0.00146 Y
2
GC , χ
2 = 0.0315 . (22)
Note that the parabola has its apex for y ≈ 0.50, whih is expeted for the behaviour of the Shannon
entropy for two variables (here GC and its omplementary AU).
The same behaviour have been put in evidene by analogous omputations made by Zeeberg [16℄
for Homo sapiens. So it seems that the entropy in the gene oding sequenes and the total exoni
region entropy in funtion of the exoni GC ontent show the same pattern.
In onlusion, the distribution of the experimental odon probabilities for a large total exoni
region of several biologial speies has been very well tted by the law of eq. (3). The spetrum of
the distribution is universal, but the odon, whih oupies a xed level, depends on the biologial
speies. Indeed, a more detailed analysis shows that, for lose biologial speies, e.g. vertebrates,
a xed odon oupies almost the same position in f(n), while for distant biologial speies the
odons oupy very dierent positions in the rank distribution. We have also derived that the odon
frequeny for any geni region is, for xed biologial speies and xed GC ontent, the same. Entropy
6
analysis has shown that the behaviour observed in the genes with dierent GC ontent for the same
biologial speies is very similar to the one shown by the total exoni region with dierent GC ontent
for the dierent biologial speies.
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Table 1: Values of the best-t parameters, eq. (3), for the sample of biologial speies. Types: vrt
= vertebrates (6), inv = invertebrates (3), pln = plants (4), fng = fungi (2), bt = bateriae (25).
Type Speies GC ontent in % α η 104 β χ2
vrt Homo sapiens 52.58 0.0214 0.073 1.65 0.0126
pln Arabidopsis thaliana 44.55 0.0185 0.056 1.68 0.0051
inv Drosophila melanogaster 54.03 0.0247 0.081 1.67 0.0089
inv Caenorhabditis elegans 42.79 0.0216 0.064 1.79 0.0063
vrt Mus musulus 52.38 0.0208 0.071 1.57 0.0112
fng Saharomyes ervisiae 39.69 0.0246 0.069 1.91 0.0127
bt Esherihia oli 50.52 0.0233 0.065 1.91 0.0112
vrt Rattus norvegius 52.87 0.0222 0.073 1.63 0.0083
pln Oryza sativa japonia 55.84 0.0179 0.073 1.63 0.0211
fng Shizosaharomyes pombe 39.80 0.0255 0.068 1.98 0.0036
bt Baillus subtilis 44.32 0.0259 0.084 1.71 0.0241
bt Pseudomonas aeruginosa 65.70 0.0538 0.107 2.76 0.0191
bt Mesorhizobium loti 63.05 0.0416 0.093 2.44 0.0093
bt Streptomyes oeliolor A3 72.41 0.0567 0.098 3.14 0.0456
bt Sinorhizobium meliloti 62.71 0.0359 0.076 2.54 0.0067
bt Nosto sp. PCC 7120 42.36 0.0288 0.098 1.63 0.0140
pln Oryza sativa 54.63 0.0173 0.062 1.59 0.0135
bt Agrobaterium tumefaiens str. C58 59.74 0.0308 0.067 2.43 0.0100
bt Ralstonia solanaearum 67.57 0.0543 0.105 2.87 0.0149
bt Yersinia pestis 48.97 0.0179 0.040 2.17 0.0066
bt Methanosarina aetivorans str. C24 45.17 0.0228 0.068 1.81 0.0214
bt Vibrio holerae 47.35 0.0203 0.052 2.02 0.0100
bt Esherihia oli K12 51.83 0.0250 0.065 2.05 0.0117
bt Myobaterium tuberolosis CDC1551 65.77 0.0401 0.094 2.35 0.0105
bt Myobaterium tuberolosis H37Rv 65.90 0.0414 0.097 2.29 0.0109
bt Baillus halodurans 44.32 0.0263 0.100 1.27 0.0233
bt Clostridium aetobutylium 31.59 0.0434 0.087 2.76 
bt Caulobater resentus CB15 67.68 0.0570 0.113 2.86 0.0087
vrt Gallus gallus 52.11 0.0239 0.095 1.17 0.0129
bt Synehoystis sp. PCC6803 48.56 0.0260 0.083 1.49 0.0140
bt Sulfolobulus solfatarius 36.47 0.0290 0.066 2.26 0.0099
bt Myobaterium leprae 59.90 0.0252 0.071 1.80 0.0065
bt Bruella melitensis 58.25 0.0294 0.067 2.25 0.0121
bt Deinoous radiodurans 67.24 0.0481 0.098 2.76 0.0113
vrt Xenopus laevis 47.33 0.0193 0.084 0.92 0.0268
bt Listeria monoytogenens 38.39 0.0437 0.136 1.64 0.0267
pln Neurospora rassa 56.17 0.0241 0.086 1.31 0.0166
bt Clostridium perfrigens 29.47 0.0510 0.092 3.11 
inv Leishmania major 63.36 0.0294 0.069 2.21 0.0050
vrt Bos taurus 53.05 0.0240 0.089 1.27 0.0126
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Table 2: Values of the best-t parameters, eq. (3), for the sample of hloroplasts.
Speies GC ontent in % α η 104 β χ2
Arabidopsis thaliana 38.37 0.0254 0.067 1.95 0.0030
Chaetosphaeridium globosum 30.29 0.0515 0.110 2.59 0.0174
Chlorella vulgaris 34.63 0.0513 0.114 2.04 0.0093
Cyanidium aldarium 33.31 0.0379 0.092 2.24 0.0103
Guillardia theta 33.20 0.0452 0.103 2.20 0.0089
Table 3: Values of the best-t parameters, eq. (3), for the sample of mitohondriae.
Type Speies GC ontent in % α η 104 β χ2
vrt Homo sapiens 44.99 0.0414 0.099 2.31 0.0207
pln Arabidopsis thaliana 44.18 0.0136 0.049 1.39 0.0589
vrt Mus musulus 37.23 0.0455 0.104 2.44 0.0226
fng Saharomyes erevisiae 24.17 0.0879 0.198 2.66 0.0611
inv Physarum polyephalum 25.69 0.0624 0.128 2.70 0.0262
pln Pylaiella littoralis 37.06 0.0336 0.108 1.72 0.0112
pln Neurospora rassa 33.20 0.0388 0.101 2.14 0.0225
vrt Bos taurus 39.73 0.0422 0.106 2.25 0.0430
vrt Sus srofa 40.52 0.0497 0.112 2.51 0.0372
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Figure 1: Rank distribution of the odon usage probabilities for Homo sapiens. Cirles are experi-
mental values, squares are tted values.
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Figure 2: Rank distribution of the odon usage probabilities for Drosophila melanogaster. Cirles
are experimental values, squares are tted values.
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Figure 3: Rank distribution of the odon usage probabilities for Arabidopsis thaliana. Cirles are
experimental values, squares are tted values.
13
0.0 20.0 40.0 60.0 80.0
rank
0.000
0.010
0.020
0.030
0.040
0.050
f
Figure 4: Rank distribution of the odon usage probabilities for Esherihia oli. Cirles are experi-
mental values, squares are tted values.
14
0.0 20.0 40.0 60.0 80.0
rank
0.000
0.010
0.020
0.030
0.040
0.050
f
Figure 5: Rank distribution of the odon usage probabilities for Chloroplast Arabidopsis thaliana.
Cirles are experimental values, squares are tted values.
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Figure 6: Rank distribution of the odon usage probabilities forMitohondrial Homo sapiens. Cirles
are experimental values, squares are tted values.
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Figure 7: Rank distribution of the odon usage probabilities for Mitohondrial Arabidopsis thaliana.
Cirles are experimental values, squares are tted values.
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α vs. the exoni GC ontent β vs. the exoni GC ontent
Table 4: Fits for the α and β parameters.
1
8
Fit for β as a funtion of α Shannon entropy vs. the exoni GC ontent
Table 5: Fits for the α, β parameters and for the Shannon entropy.
1
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Table 6: Type of used odons of the observed rank distribution f(n).
Rank 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Homo sapiens GAG CUG CAG AAG GAA GUG GCC GAC AAA GGC AUG GAU AUC UUC CCC AAC CUC AGC ACC GCU
Mus musulus CUG GAG AAG CAG GUG GAC GAA GCC AUC AUG GGC UUC GAU AAA AAC CUC GCU AGC ACC CCC
Rattus norvegius CUG GAG AAG CAG GUG GAC GCC GAA AUC UUC AUG AAC GGC CUC GAU AAA ACC AGC GCU CCC
Gallus gallus GAG CUG AAG CAG GAA GUG AAA GAC GCC GAU AAC AUC AUG GGC AGC UUC GCU CCC UAC ACC
Xenopus laevis GAA GAG AAA AAG CAG GAU CUG AUG GAC AAU AAC GGA GUG GCU CCA AUU GCA UUU UCU ACA
Bos taurus CUG GAG AAG CAG GUG GCC GAC GAA AUC GGC UUC AAC AUG AAA ACC GAU CUC CCC UAC AGC
Arabidopsis thaliana GAU GAA AAG GAG AAA GCU GUU UCU AUG CUU GGA AAU GGU UUU AUU UUG AAC UUC CAA AGA
Oryza sativa japonia GAG GCC GGC AAG GAC GCG CUC GUG GAU AUG UUC CUG GAA CAG GUC AUC CCG GCU AAC CGC
Oryza sativa GAG AAG GCC GGC GAC GAU CUC AUG GUG GCG UUC CAG GAA AUC GCU AAC GUC CUG GCA GGG
Neurospora rassa GAG AAG GCC GAC GGC AAC CUC AUC CAG GUC ACC GAU CCC UUC AUG GAA GCU UCC GGU UAC
Drosophila melanogaster GAG AAG CUG CAG GCC GUG GAU GGC AAC GAC AUG AUC UUC ACC GAA AAU AGC UCC UAC CGC
Caenorhabditis elegans GAA AAA GAU AUU GGA AAU CAA AUG AAG CCA UUU UUC GAG GUU GCU CUU UCA UUG ACA GCA
Leishmania major GCG GAG GCC CUG GUG GGC GAC CAG CGC AAG CCG AGC CUC ACG AUG AAC UCG CAC GCA UAC
Sah. erevisiae GAA AAA GAU AAU AAG AUU CAA UUG UUA UUU AAC GGU UCU GUU AGA GCU AUG GAC ACU GAG
Shizosah. pombe GAA AAA GAU AUU AAU UUU UCU GCU GUU CAA UUA CUU AAG UUG ACU UAU CCU GGU GAG AUG
Esherihia oli CUG GAA AAA GAU GCG AUU CAG GGC AUG GGU GUG GCC AUC UUU ACC AAC GCA CCG AAU CGU
Baillus subtilis AAA GAA AUU GAU UUU AUC AUG GGC GAG CUG CUU UAU AAU ACA GGA GCA AAG GCG CAA UUA
Pseudom. aeruginosa CUG GCC GGC CGC GAC GCG AUC GAG CAG GUG UUC ACC CCG GUC CUC AAG AGC GAA AAC AUG
Mesorhizobium loti GGC GCC CUG AUC GCG GUC GAC CGC UUC GAG CCG AAG CUC GUG ACC CAG AUG GAA UCG GAU
Streptom. oeliolor A3 GCC GGC CUG GAC GCG GAG GUC ACC CGC CUC GUG CCG CGG AUC UUC CCC CAG CAC UCC AAG
Sinorhizobium meliloti GGC GCC GCG AUC GUC CUC CUG GAC CGC GAG UUC CCG AAG GAA AUG CAG GUG ACC ACG UCG
Nosto sp. PCC 7120 GAA AUU CAA UUA AAA GAU AAU UUU GCU GGU GCA UUG GUU ACU UAU GUA ACA AUC GCC AUG
Agrobat. tumefaiens GCC GGC CUG AUC GCG GAA CGC GUC UUC GAU GAC AAG CUC CCG AUG GUG CAG GAG ACC ACG
Ralstonia solanaearum CUG GCC GGC GCG CGC GUG AUC GAC CCG CAG GAG UUC ACC GUC AAG ACG AUG AAC UCG CUC
Yersinia pestis CUG GAU GAA AAA AUU GCC AUG GGU CAG AAU GCG GGC CAA AUC UUG GUG UUU ACC UUA GAG
Methanosar. aetivorans GAA AAA CUU GAU GGA AUU GCA AUC GAG UUU CUG GAC AUG AAU AAG AAC AUA GUU UAU UUC
Vibrio holerae GAA GAU AAA CAA AUU GCG GUG UUU CUG GGU AUG AUC GAG GGC UUG AAU GCC UUA GCU ACC
Esherihia oli K12 CUG GAA GCG AAA GAU AUU GGC CAG AUG GUG GCC AUC GGU ACC CCG UUU CGC AAC CGU GCA
Myobat. tuber. CDC1551 GCC CUG GGC GCG GAC GUG ACC AUC GUC CCG GAG CGC CGG CAG UUC UCG AAC GGG GGU AUG
Myobat. tuber. H37Rv GCC GGC CUG GCG GAC GUG ACC AUC GUC CCG GAG CGC CGG UUC CAG AAC UCG GGG GGU AUG
Baillus halodurans GAA AUU AAA GAU UUU GAG CAA UUA AUG AUC UAU CUU GGA GUU AAG ACG AAU GCA GUG GCG
Clostridium aetobutylium AAA AUA AAU GAA GAU UUU UUA AUU UAU GGA AAG GUU GUA CUU GCA AUG AGA GCU ACA GGU
Caulobater resentus CB15 GCC CUG GGC GCG GAC CGC AUC GUC GAG ACC AAG UUC GUG CCG CAG AUG UCG AAC CCC CUC
Synehoystis sp. PCC 6803 GAA AUU GCC CAA GAU UUG AAA UUU GUG ACC UUA CCC AAU GGC CAG CUG GCU GGU AUG GAC
Sulfolobus solfatarius AUA UUA AAA GAA AAG GAU AUU AAU UAU GAG GUA GUU UUU GGA AGA GCU GGU AUG ACU GCA
Myobaterium leprae GCC CUG GUG GAC GCG GGC AUC GUC ACC GAG CCG UUG GGU CGC CAG GAU GAA GCU UUC CGG
Bruella melitensis GGC GCC CUG GAA CGC GCG AUC GAU AAG GUG CCG UUC AUG CAG CUU GAC GUC ACC CUC GAG
Deinoous radiodurans CUG GCC GGC GUG GCG GAC CGC ACC CAG CUC GAG CCC GAA CCG AGC GUC AUC UUC GGG CGG
Listeria monoytogenes AAA GAA AUU GAU UUA AAU UUU CAA GCA GUU AUG ACA GGU UAU GCU GUA CUU GGA AUC CCA
Clostridium perfringens AAA GAA UUA AUA AAU GAU GGA UUU GUU UAU AUU GCU AGA AAG GUA AUG ACU UCA GCA ACA
2
0
Table 7: Values of the best-t parameters for the amino-aids.
Speies 103B F0 χ
2
Homo sapiens 3.8 0.089 0.0072
Arabidopsis thaliana 3.8 0.090 0.0068
Drosophila melanogaster 3.5 0.087 0.0125
Caenorhabditis elegans 3.3 0.084 0.0124
Mus musulus 3.7 0.088 0.0087
Saharomyes erevisiae 3.9 0.090 0.0121
Esherihia oli 4.0 0.091 0.0115
Rattus norvegius 3.7 0.088 0.0084
Oryza sativa japonia 4.1 0.093 0.0057
Shizosaharomyes pombe 3.8 0.089 0.0162
Baillus subtilis 4.0 0.091 0.0104
Pseudomonas aeruginosa 4.9 0.101 0.0493
Mesorhizobium loti 4.7 0.100 0.0215
Streptomyes oeliolor A3 5.6 0.109 0.0624
Sinorhizobium meliloti 4.7 0.100 0.0188
Nosto sp. PCC 7120 4.0 0.092 0.0174
Oryza sativa 3.9 0.091 0.0028
Agrobaterium tumefaiens str. C58 4.6 0.098 0.0144
Ralstonia solanaearum 4.7 0.101 0.0351
Yersinia pestis 4.0 0.092 0.0135
Methanosarina aetivorans str. C2A 4.1 0.092 0.0063
Vibrio holerae 3.9 0.091 0.0148
Esherihia oli K12 4.0 0.091 0.0154
Myobaterium tuberulosis CDC1551 5.2 0.105 0.01121
Myobaterium tuberulosis H37Rv 5.3 0.106 
Baillus halodurans 4.0 0.091 0.0100
Clostridium aetobutylium 4.6 0.097 0.0076
Caulobater resentus CB15 5.1 0.104 0.0524
Gallus gallus 3.6 0.088 0.0040
Synehoystis sp. PCC 6803 4.1 0.093 0.0168
Sulfolobus solfatarius 4.4 0.096 0.0143
Myobaterium leprae 4.9 0.101 0.0401
Bruella melitensis 4.5 0.097 0.0142
Deinoous radiodurans 5.2 0.105 0.0679
Xenopus laevis 3.5 0.086 0.0084
Listeria monoytogenes 4.2 0.093 0.0088
Neurospora rassa 4.0 0.091 0.0042
Clostridium perfringens 4.6 0.098 0.0035
Leishmania major 4.7 0.099 0.0367
Bos taurus 3.6 0.087 0.0082
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Table 8: Amino-aids rank distributions.
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Table 9: Amino-aids rank distributions : linear vs. ubi ts.
Arabidopsis thaliana Es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Table 10: Type of used amino-aids of the observed rank distribution.
Rank 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Homo sapiens Leu Ser Ala Glu Gly Val Pro Lys Arg Thr Asp Gln Ile Phe Asn Tyr His Met Cys Trp
Mus musulus Leu Ser Ala Gly Glu Val Pro Lys Arg Thr Asp Ile Gln Phe Asn Tyr His Cys Met Trp
Rattus norvegius Leu Ser Ala Glu Gly Val Pro Lys Thr Arg Asp Ile Gln Phe Asn Tyr His Met Cys Trp
Gallus gallus Leu Ser Glu Ala Gly Lys Val Pro Thr Arg Asp Ile Gln Asn Phe Tyr His Met Cys Trp
Xenopus laevis Leu Ser Glu Lys Ala Gly Val Pro Thr Asp Arg Ile Gln Asn Phe Tyr Met His Cys Trp
Bos taurus Leu Ser Ala Gly Glu Val Lys Pro Thr Arg Asp Ile Gln Phe Asn Tyr Cys His Met Trp
Arabidopsis thaliana Leu Ser Val Glu Gly Ala Lys Asp Arg Ile Thr Pro Asn Phe Gln Tyr Met His Cys Trp
Oryza sativa japonia Ala Leu Gly Ser Arg Val Glu Pro Asp Thr Lys Ile Phe Gln Asn His Tyr Met Cys Trp
Oryza sativa Ala Leu Gly Ser Arg Val Glu Pro Asp Lys Thr Ile Phe Gln Asn Tyr His Met Cys Trp
Neurospora rassa Ala Leu Ser Gly Glu Pro Arg Thr Val Asp Lys Ile Gln Asn Phe Tyr His Met Trp Cys
Drosophila melanogaster Leu Ser Ala Glu Gly Val Lys Thr Arg Pro Asp Gln Ile Asn Phe Tyr His Met Cys Trp
Caenorhabditis elegans Leu Ser Glu Lys Ala Val Ile Thr Gly Arg Asp Asn Phe Pro Gln Tyr Met His Cys Trp
Leishmania major Ala Leu Ser Arg Val Gly Thr Pro Glu Asp Gln Lys Ile His Phe Asn Tyr Met Cys Trp
Sah. erevisiae Leu Ser Lys Ile Glu Asn Thr Asp Val Ala Gly Arg Phe Pro Gln Tyr His Met Cys Trp
Shizosah. pombe Leu Ser Glu Lys Ala Ile Val Thr Asp Asn Gly Arg Pro Phe Gln Tyr His Met Cys Trp
Esherihia oli Leu Ala Gly Val Ser Ile Glu Thr Arg Asp Lys Gln Pro Asn Phe Tyr Met His Trp Cys
Baillus subtilis Leu Ala Ile Glu Lys Gly Val Ser Thr Asp Phe Arg Asn Gln Pro Tyr Met His Trp Cys
Pseudom. aeruginosa Leu Ala Gly Arg Val Glu Ser Asp Pro Gln Thr Ile Phe Lys Asn Tyr His Met Trp Cys
Mesorhizobium loti Ala Leu Gly Val Arg Ser Asp Ile Glu Thr Pro Phe Lys Gln Asn Met Tyr His Trp Cys
Streptom. oeliolor A3 Ala Leu Gly Val Arg Pro Thr Asp Glu Ser Ile Phe Gln His Lys Tyr Asn Met Trp Cys
Sinorhizobium meliloti Ala Leu Gly Val Arg Glu Ser Ile Asp Thr Pro Phe Lys Gln Asn Met Tyr His Trp Cys
Nosto sp. PCC 7120 Leu Ala Ile Val Gly Ser Glu Thr Gln Arg Lys Asp Pro Asn Phe Tyr His Met Trp Cys
Agrobat. tumefaiens Ala Leu Gly Val Arg Ser Glu Ile Asp Thr Pro Phe Lys Gln Asn Met Tyr His Trp Cys
Ralstonia solanaearum Ala Leu Gly Val Arg Thr Asp Pro Ser Glu Ile Gln Phe Lys Asn Tyr His Met Trp Cys
Yersinia pestis Leu Ala Gly Val Ser Ile Glu Thr Arg Asp Gln Lys Pro Asn Phe Tyr Met His Trp Cys
Methanosar. aetivorans Leu Glu Ile Gly Ser Ala Val Lys Thr Asp Arg Asn Phe Pro Tyr Gln Met His Cys Trp
Vibrio holerae Leu Ala Val Gly Ser Ile Glu Thr Asp Gln Lys Arg Phe Asn Pro Tyr Met His Trp Cys
Esherihia oli K12 Leu Ala Gly Val Ile Ser Glu Arg Thr Asp Gln Pro Lys Asn Phe Tyr Met His Trp Cys
Myobat. tuber. CDC1551 Ala Leu Gly Val Arg Thr Pro Asp Ser Glu Ile Gln Phe Asn His Tyr Lys Met Trp Cys
Myobat. tuber. H37Rv Ala Gly Leu Val Arg Thr Asp Pro Ser Glu Ile Gln Phe Asn His Tyr Lys Met Trp Cys
Baillus halodurans Leu Glu Val Ala Gly Ile Lys Ser Thr Asp Arg Phe Gln Pro Asn Tyr Met His Trp Cys
Clostridium aetobutylium Ile Lys Leu Ser Glu Val Asn Gly Ala Asp Thr Phe Tyr Arg Pro Met Gln His Cys Trp
Caulobater resentus CB15 Ala Leu Gly Val Arg Asp Pro Glu Thr Ser Ile Phe Lys Gln Asn Met Tyr His Trp Cys
Synehoystis sp. PCC 6803 Leu Ala Gly Val Ile Glu Ser Gln Thr Pro Arg Asp Lys Asn Phe Tyr Met His Trp Cys
Sulfolobus solfatarius Leu Ile Lys Val Glu Ser Gly Ala Asn Tyr Arg Thr Asp Phe Pro Gln Met His Trp Cys
Myobaterium leprae Ala Leu Val Gly Arg Thr Ser Asp Pro Glu Ile Gln Phe Lys Asn His Tyr Met Trp Cys
Bruella melitensis Ala Leu Gly Val Arg Ile Glu Ser Asp Thr Pro Lys Phe Gln Asn Met Tyr His Trp Cys
Deinoous radiodurans Ala Leu Gly Val Arg Pro Thr Glu Ser Asp Gln Ile Phe Lys Asn Tyr His Met Trp Cys
Listeria monoytogenes Leu Ile Ala Glu Lys Val Gly Thr Ser Asp Asn Phe Arg Pro Gln Tyr Met His Trp Cys
Clostridium perfringens Ile Leu Lys Glu Gly Val Asn Ser Asp Ala Thr Phe Tyr Arg Pro Met Gln His Cys Trp
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